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A B S T R A C T
Plasma current measurements in ITER are safety-related and must therefore satisfy a very demanding specifi-
cation. In this paper, the use of the Fiber Optics Current Sensor (FOCS) operating in the reflection mode with a
Faraday mirror to perform plasma current measurements is analyzed. Based on the Jones matrix formalism, we
performed numerical simulations to investigate the impact of the Faraday mirror detuning on the measurement
accuracy. We show that the use of standard commercial components does not allow to satisfy the ITER re-
quirements for the whole plasma current range. A simple solution to the problem is proposed, which consists in
taking into account a mirror calibration in the current estimator. We show that the achievable mirror calibration
accuracy is sufficient to fulfill the ITER requirements.
1. Introduction
An accurate measurement of plasma current is essential for a safe
control of a Tokamak. Nowadays, these measurements are performed
using various types of inductive sensors such as Rogowski or Pick-up
coils [1,2]. The signal of such sensors is proportional to the time deri-
vative of the magnetic flux through the loop and to find the current, a
time-integration step is required. However, in future burning plasma
installations, ITER and later in DEMO, the presence of strong radiations
combined with steady-state operation will create a difficult problem
when operating with such inductive sensors: during steady-state plasma
operation, the signal will be strongly perturbed by the radiation-in-
duced noise and time-integration may result in a significant drift [3,4].
To overcome this problem, two types of steady-state sensors placed
outside the vacuum vessel are included in the ITER magnetic diag-
nostics system: Hall sensors and FOCS (Fiber Optics Current Sensor)
[5]. Hall sensors based systems will provide local measurements of the
tangential and normal components of the magnetic field [6]. In ITER,
three poloidal arrays of 60 sensors will be welded to the vacuum vessel
outer skin and distributed toroidally in three vacuum vessel sections.
The plasma current is obtained by integrating the magnetic field all
along the contour defined by all the probes. In a short term, the accu-
racy of such a measurement requires the accurate calibration of the 120
Hall probes (60 normal field and 60 tangential field sensors). Main-
taining a very accurate measurement capability over the whole ITER
life-time is required. This is a challenging task because the Hall sensors
will be exposed to high levels of nuclear radiation and could not be
replaceable. The radiation-induced noise in the long cables connecting
the sensor head and the electronic system requires additional attention.
FOCS systems are based on the Faraday rotation of the state of
polarization (SOP) experienced by a lightwave propagating through the
sensing fiber that encircles the current. The Faraday rotation is directly
proportional to the integral magnetic field component aligned with the
sensing fiber. As a consequence, no time integral is required, and the
plasma current is directly obtained from the sensor output. Moreover,
the sensor is not sensitive to radiation-induced currents and, in contrast
to Hall sensors, the fiber used in the ITER FOCS system is replaceable
[7].
The Faraday effect is also the basis for the free space rotation-based
laser polarimetry used to obtain data on the plasma current spatial
density profile [8]. Such a system is installed on the EAST tokamak,
where it provides important current profile information to support the
plasma control [9]. To perform measurements, special precautions are
required to reduce the measurement accuracy degradation due to
misalignments, interference from multiple reflections when the plasma
density varies with time, and stray light coming from other sources.
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Misalignment and stray light do not perturb the performance of
FOCS, but there are other parasitic effects which influence its operation.
An important problem is the presence of the linear birefringence, which
originates from both fiber intrinsic properties and external mechanical
perturbations [10,11]. In order to alleviate these detrimental effects,
the use of the FOCS operating in the reflection mode with a Faraday
mirror has been proposed [12–14]. A Faraday mirror reflects light and
rotates the SOP with a total angle of 90 deg in order to exchange the x
and y components of the lightwave. In the absence of magnetic field,
this approach allows the full compensation of the intrinsic birefringence
effect. However, in the presence of the non-reciprocal birefringence
induced by the magnetic field, the full compensation is not possible
[15].
Recent works published by the authors [16,17] demonstrated that
when the FOCS uses a spun fiber with adequate parameters, the ITER
specifications regarding the required plasma current measurement ac-
curacy (see Table 1 [1]) can be fulfilled. A spun fiber is characterized by
some intrinsic linear birefringence quantified by its beat length LB [26]
and by a rotation of its linear birefringence axis along the fiber length.
The rotation is quantified by the spun period SP representing the length
after which the birefringence axis has completed a 2π rotation. Note
that the merit of using spun fibers for current measurement [12,18] lies
in the fast rotation (small SP) of the birefringence axis along the fiber
without generation of shear stresses, so that the detrimental effect of
the intrinsic birefringence is greatly reduced. In [16], it was shown that
a LB/SP ratio larger than 10.14 allows to satisfy the ITER requirements.
However, that study did not include temperature effects that modify
both the fiber Verdet constant and the linear birefringence. The inclu-
sion of temperature constraints [17] led to a corrected minimum LB/SP
ratio equal to 19.20. In our previous works, the ITER relevant FOCS
setup shown in Fig. 1 was analyzed. A laser launches light with a linear
SOP via a polarizer and a circulator into the FOCS fiber. The fiber
consists of three parts: (1) a ≃100m long lead fiber connecting the
FOCS data acquisition system placed in the cubicle area to the sensing
fiber, (2) a ≃28m long sensing fiber making a loop around the current
(around the ITER vacuum vessel) and (3) an end fiber of 100m con-
necting the end of the sensing fiber to the Faraday mirror installed in
the cubicle. A polarimeter is used to measure the SOP rotation induced
by the plasma current after a round-trip propagation. The study de-
tailed in this paper is related to the same FOCS setup.
Our previous studies considered the Faraday mirror as a perfect one:
the roundtrip rotation induced by the component is exactly equal to 90
deg. However, in a FOCS using a real Faraday mirror, the rotation does
not exactly match 90 deg and the intrinsic linear birefringence is
compensated less efficiently. The purpose of this paper is to study by
means of numerical simulations the influence of the Faraday mirror
rotation detuning on the ITER FOCS plasma current measurement ac-
curacy and to propose a solution to reduce its detrimental effect. The
results show that in the case of ITER, neglecting the Faraday mirror
detuning may result in unacceptable errors. We also propose a simple
solution to this problem and quantify the corresponding error reduc-
tion.
2. Principles of FOCS
The principle of FOCS is described in many publications, for ex-
ample, see [19]. When an optical fiber encircles a current (as in the set-
up shown in Fig. 1), a circular birefringence is induced in the fiber
resulting in a rotation of the SOP along the fiber loop. Since the light
beam passes twice in the loop (after reflecting from the Faraday mirror)
and the Faraday mirror adds a 90° extra rotation, the plasma current is
given by [16]:
= −I θ π
Vμ
/2
2
.P T
0 (1)
where θT is the measured SOP rotation and V is the Verdet constant. For
standard silica fibers, the Verdet constant is equal to 0.54 rad · (m · T)−1
for a wavelength of 1550 nm [20].
In a real optical fiber, an additional intrinsic or extrinsic bi-
refringence is present. This birefringence causes an unwanted extra SOP
modification and a change of the azimuth and the ellipticity. The pre-
sence of a linear birefringence together with the use of a non-perfect
Faraday mirror contributes to a measurement error when using Eq. (1).
The detrimental effect of the intrinsic birefringence has already been
investigated [16,17]. In order to take into account the Faraday mirror
detuning, the modeling proposed in [16] has been extended as de-
scribed in the next section.
3. Optical fiber modeling
The fiber modeling approach is identical to that presented in [16]:
the fiber is modeled as a stack of N small sections of length l=min(LB,
SP)/100 over which the polarization properties are assumed to be
uniform and defined by its local Jones matrix Ji. The complete ex-
pression of the Jones matrices can be found in [16]. To validate this
approach, we compared the Jones matrices of a spun fiber obtained
from the stack modeling with the Jones matrices obtained from the
analytical expression found in reference [12]. The spun fiber char-
acteristics were taken relevant to our case (LB=57.6mm and
SP=3mm, see Section 4) and the fiber length varied in a range from
0.03mm to 28m (length of the sensing fiber in ITER) with a step of
0.03mm. The difference between the output normalized Stokes para-
meters obtained with the modeling and the analytical solution stayed
below 0.052.
It may be useful to note that the linear birefringence is considered
identical for each section and is given by δ=2π/LB while the linear
birefringence axis rotates with a period SP. The circular birefringence
induced by the magnetic field is also considered constant and is given
Table 1
Relevant ITER specifications [1].
Plasma current measurement accuracy
High range [1–17 MA] Relative accuracy of %1
Low range [0–1 MA] Absolute accuracy of 10 kA
Fig. 1. FOCS implementation for plasma current in ITER.
Fig. 2. Faraday mirror modelling.
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by ρ= VB where B= μ0IP/(2πR), R being the average radius of the
vacuum vessel. We can assume a circular shape of the vacuum vessel
because it has been shown in [23] that the performance of FOCS is only
slightly dependent on the distribution of the magnetic field along the
fiber (the D-shape of the ITER configuration is therefore not modeled).
Taking into account the roundtrip propagation, the output Jones vector
Vout seen by the polarimeter is calculated as [16,24]:
= … … … …− −V VJ J J J J J J J J · ,out ini N N N N i1 1 FM 1 1 (2)
where JFM represents the Jones matrix of the Faraday Mirror. Ideally,
the Faraday mirror consists of a non reciprocal 45 deg rotator followed
by a classical mirror as shown in Fig. 2. The Faraday mirror Jones
matrix JFM therefore corresponds to a concatenation of two 45° rotators
with a classical mirror in between [13]. However, for a real Faraday
mirror, the rotation angle can differ from 45deg (rotation angle de-
tuning). Taking this into account, an extra parameter ϕ (the Faraday
mirror rotation angle), was added in the modeling, as compared to the
model implemented in [16]. The Faraday mirror Jones matrix is cal-
culated as:
= ⎡
⎣⎢
− ⎤
⎦⎥
⎡
⎣
⎤
⎦
⎡
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− ⎤
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(3)
The unit matrix in Eq. (3) is the matrix of a conventional mirror, which
is true when considering unchanged x and y axes for the two
Fig. 3. (a) Relative errors obtained without and with correction of equation (1). (b) Zoom on the relative error obtained with correction for 0 < IP < 1 MA.
Fig. 4. Relative error on plasma current measurement for ϕ=45.5 deg.
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propagation directions [26]. When ϕ=45 deg, the ideal Faraday
mirror matrix is obtained. Commercial products usually have a Faraday
rotation uncertainty of± 0.5 deg for 45 deg rotation (44.5 deg< ϕ
<45.5 deg), for example see [25]. This uncertainty is considered in the
simulations.
The length of the leading fiber (≃100m) is chosen in a way that the
SOP at the input of the sensing fiber is the furthest from a linear state
(largest ellipticity) such as the leading fiber length corresponds to a
worst-case scenario as explained in [16]. In [16], it is indeed demon-
strated that the measurement error increases if the SOP ellipticity at the
sensing fiber input gets larger.
The relative plasma current error is calculated by comparing the
plasma current determined by the FOCS system, i.e. obtained by using
Eqs. (1), (2) and (3), with the value which was used to define the
magnetic field.
4. Results and discussion
The fiber considered in the simulation is a uniform spun fiber
characterized by LB=57.6mm and SP=3mm so that LB/SP=19.20.
It is indeed demonstrated in [17] that 19.20 is the minimum ratio ac-
ceptable for LB/SP that fulfills the ITER requirements when considering
the detrimental temperature effects and for an ideal Faraday mirror
(ϕ=45 deg). For the results presented further in this section, LB and SP
were kept unchanged, only the Faraday mirror rotation angle ϕ varies.
The set of curves denoted as “Set of curves obtained without cor-
rection” presented in Fig. 3(a) shows the evolution of the relative
current measurement error with respect to IP for some values of ϕ. As
expected, for a fixed IP, the error increases as ϕ deviates from 45deg.
The dashed line in Fig. 3(a) represents the ITER specifications (see
Table 1), which are fulfilled only when 44.70< ϕ<45.30 deg. This
result defines the acceptable uncertainty on the Faraday mirror rotation
angle.
When looking at the specifications of commercially-available
Faraday mirrors, it appears that such an uncertainty is not provided.
According to our simulation results, it is therefore not guaranteed that
the ITER specifications will be fulfilled when using a commercially-
available Faraday mirror.
An intuitive way to improve the measurement accuracy is to take
the deviation into account and to calculate IP from a corrected version
of Eq. (1), where π
2
is replaced by 2ϕ i.e. the actual Faraday mirror
rotation angle:
=
−I θ ϕ
Vμ
2
2
.P T
0 (4)
We have performed simulations using this adjusted formula. The ob-
tained results are shown in Fig. 3(a) where they are compared with the
uncorrected case. It clearly appears that all the obtained curves are now
far below the ITER specifications, bringing a clear improvement of the
plasma current estimation accuracy. The curves obtained with the ad-
justed equation for 0 < IP < 1MA are displayed separately in
Fig. 3(b). Let us note that the curves obtained with correction are not
identical to those obtained for an ideal Faraday mirror since the linear
birefringence of the fiber sections (lead, sensing and end fibers) are less
efficiently compensated because of the Faraday mirror detuning.
The use of Eq. (4) assumes that the exact value of ϕ is known. In
practice it is possible to measure the detuning angle only with some
accuracy. For example, by using the technique proposed in [27], a
precision of± 0.1 deg can be achieved. In that method, ϕ is determined
by using an optical vector analyzer. A highly birefringent fiber is placed
between the analyzer and the Faraday mirror under test and the global
round-trip polarization mode dispersion (PMD) is measured. The mea-
sured PMD is an indicator of the Faraday rotation angle detuning. In
order to demonstrate the effect of this 0.1 deg uncertainty, Fig. 4 shows
the relative error obtained in the extreme cases i.e. for
ϕ=44.5(45.5) deg when using 44.4 (45.4) and 44.6 (45.6) deg as the
corrected angle in Eq. (4) to calculate IP. It appears that all the curves
satisfy the ITER requirements. A 0.1 deg accuracy is therefore enough
for the application. Let us note that in Fig. 4, the curve obtained for
ϕ=44.5 deg and a corrected angle of 44.4 (44.6) deg is identical to
that obtained for ϕ=45.5 deg and a corrected angle of 45.4 (45.6) deg.
5. Conclusion
Fiber Optics Current Sensor (FOCS) is considered for installation at
ITER to perform plasma current measurements during steady-state
operation. This diagnosis is safety-related and the measurement accu-
racy must satisfy the ITER requirements. In this paper, we studied the
influence of the Faraday mirror imperfections on the performance of
the ITER FOCS operating in the reflection configuration with a Faraday
mirror. Our results indicate that care should be taken when dealing
with commercially available components. Their standard rotation un-
certainty exceeds the maximum acceptable value allowing achieving
the required measurement accuracy. A way to bring the measurement
error down to the tolerance limit is to take into account the Faraday
mirror rotation detuning in the plasma current calculation. Combined
with the Faraday mirror calibration, this approach allows fulfilling the
ITER specifications.
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